A superconducting vortex is characterized by two length-scales: the nanoscale core size and the much larger magnetic penetration depth, λ . Pinning can occur when the core is co-located with a defect that locally suppresses superconductivity. λ determines the decay length for the currents encircling the core and the elastic properties of a vortex. Here we probe the dynamics of an individual driven vortex, which is especially interesting when pinning and elasticity compete. Furthermore, we establish a dragged vortex as a probe that extends deep into the bulk of the sample to interact with defects far from the surface, circumventing disadvantages of other localprobe techniques that give information only about the immediate vicinity of the surface. 8 Previous strategies for manipulating single vortices in superconductors usually applied forces relatively delocalized on the scale of λ . [9] [10] [11] We use MFM to combine imaging and vortex manipulation with a level of control far beyond what has been demonstrated before. 12, 13 This capability may enable testing vortex entanglement 14 and schemes for quantum computation. 15, 16 Our sample is ideal for studying the interplay between pinning and elasticity, with weak, well-controlled, pinning and fairly rigid vortices. In YBCO superconductivity arises in CuO 2 planes, parallel to the a and b axes, and in Cu-O chains, along the b-axis.
In pristine samples, such as ours, oxygen vacancies in the chains are the dominant source of pinning. [17] [18] [19] The orthorhombic crystal structure gives rise to penetration depth anisotropy, allowing us to determine the orientation of the crystal axes in situ MFM employs a sharp magnetic tip on a flexible cantilever. Our tip magnetization provided an attractive tip-vortex force, F r . While rastering in the y x − plane, parallel to the sample surface, we measured local variations in the resonant frequency of the cantilever to determine z F z ∂ ∂ . 20 We deliberately used the lateral components of F r , lat y x F y F x F r ≡ +ˆ, for vortex manipulation.
At low temperature ( ≈ T 5K), we observed no vortex motion up to our largest lateral force, 20 pN. At higher temperatures, pinning is reduced, and we could reduce the tip-sample distance z to tune from non-invasive imaging to manipulation. is substantial in the quasi-one-dimensional (1D) scans along the fast axis (Fig. 1f) , it is much larger along the slow axis (Fig. 1d) .
We study wiggling further in Fig. 2 . Figure 2a is a scan that we acquired after imaging the same area over and over, resulting in an enhanced wiggling effect. Line scans along x from that image ( Fig. 2a , it does not readily move outside this range. In fact, we were never able to permanently drag a vortex very far from its original location, contrary to thin films. 12 This tethering suggests that each vortex was pinned along its full length across the 40μm-thick crystal, and that we observed the vortex stretching.
A vortex presumably stops moving where elasticity and pinning balance lat F .
Qualitatively, wiggling helps segments of the vortex to depin, facilitating the extra motion along the slow axis. Confirming this is Fig. 2 
and ⊥ ε is the tilt modulus. Figure   3b shows a reasonable fit for large This demonstrates that single vortex manipulation is a local probe of the structure of both the vortex and the pinning defects. Further work is required to describe the dynamic aspects of individual vortex motion that we revealed: its stochastic nature and the dramatic effect of transverse wiggling. In particular: how do the dynamics alter the effective pinning landscape? How do they affect the mechanical properties? Practically, wiggling is an important tool for future experiments that require pulling vortices long distances, e.g. in the study of vortex entanglement. 14 Our results show the utility of local force probes for accessing the pinning properties and mechanical behaviour of individual vortices, whose collective behaviour is of great importance for the properties of superconductors.
Methods Summary
Frequency modulated MFM. 20 We oscillate the cantilever along z and measure the resonant frequency, 0 f , which shifts by f Δ in a force gradient. Assuming small oscillation amplitude,
Sample details. The platelet-shaped single crystal was grown from flux in a BaZrO 3 crucible for high purity and crystallinity. 17 The (001) surfaces were free of visible inclusions. Mechanical detwinning was followed by annealing to oxygen content 7-δ = 6.991, implying ≈ c T 88K. 19 The sample was stored at room temperature for a few years. The finite a-b anisotropy allowed us to identify crystal orientation by determining the directions along which vortex spacings were extremal (SFig. 1). The ratio between these spacings is = ζ 1.3, corroborating previous results on similar samples.
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Supplementary Information accompanies the paper on www.nature.com/nature. c (2) [
[nAm]
[nm] (1) Cantilevers used. We used commercially available silicon cantilevers. 7 Each was electron beam deposition coated by an iron film.
(2) Determining the spring constant. We used Sader's method. 
Supplementary Discussion 1: Monopole-monopole model for tip-vortex interaction
The simplest model for tip-vortex interaction is the monopole-monopole model, so called because the interaction is identical to the interaction between magnetic monopoles. This model is relevant under two assumptions:
1. The tip is an infinitely long and narrow cylinder with axis and magnetization along ẑ . [ ]
The resulting force acting on the tip due to the interaction with the vortex is
, where m is the dipole moment per unit length of the tip.
In the main text in we find that the amplitude of the signal from vortices in the YBCO single crystal is well described by one temperature independent curve.
Moreover, we find good fit with the monopole-monopole model:
Here
, where z Δ is any difference between the bottom of the tip and the location of the magnetic coating and z δ is an estimate for the thickness of the dead layer. The dead layer is a non-superconducting layer at the surface of the superconductor, 11 which is known to develop over time when the sample is in storage.
The parameters of the fit in Fig. 3a in the main text are listed in the Supplementary Weak collective pinning theory describes how a vortex interacts with randomly distributed weak pinning centres, which can pin a vortex only by cumulative effect. It allows characterization of the way a vortex meanders through the random pinning potential. Besides externally applied forces, this is the result of the interplay between pinning and elasticity. On one hand, the more a vortex can bend the better advantage it can take of pinning. On the other hand, bending increases the elastic energy. As a result the vortex will only bend on large length scales and will behave rigidly on shorter length scales.
When the dominant source of pinning are randomly distributed weak point pinning sites, the typical pinning energy for an object taking up a volume V is 
, we obtain:
is the result for a uniaxial superconductor. 13 Here we assume that even after it tilts, the vortex is nearly parallel to the c-axis. Each segment of length c L is pinned with force up to p F , which is given by:
Supplementary Discussion 3: Total displacement versus applied force.
In the model, we assume that the vortex breaks into segments of length c L . Each segment interacts with its neighbors on both ends by an elastic force, which we model as a spring with spring constant k . We assume that when the vortex is dragged the only distortion is stretching along the drag direction. We denote by n u the displacement of the n th segment from the (n+1) th segment, where n enumerates the segments starting from the surface. For each segment, we have: 
Using the last equality in Eq. S7, this gives:
The approximation in Eq. S9 is N F F p ≈ , which is appropriate for 1 >> , multiplying the right hand side of Eq. S4. As a result there is an additional factor of ( ) ϕ ζ γ , dividing both p F and k . The fit using these formulae, shown in Figs. 4c,d in the main text gives the cluster size quoted there and an angle of 6° between the a-axis and x . We note that the fit gives a value of b R that is on the same scale as the vortex core size ab ξ , 18 and not much larger, as we assumed. We thus take the results of the fit to give only the correct order of magnitude of b R .
